The effect of glycidate (2,3-epoxyproplonate) 
substrate. Even Glycidate (2,3-epoxypropionate) has been shown to decrease glycolate synthesis and photorespiration, and increase net photosynthetic CO2 fixation in tobacco leaf discs (20) . Glycidate did not inhibit purified ribulose diP carboxylate or its dependence on 02 concentration (5, 21, 22) , although Wildner and Henkel (17) did observe a time-dependent inhibition of the partially activated ribulose diP oxygenase activity by glycidate. In the accompanying paper (22) , glycidate is shown to have little inhibitory effect on the activities of other enzymes of the glycolate pathway with the exception of a slight, time-dependent inhibition of NADPH-glyoxylate reductase. Glycidate had no effect on purified glycolate oxidase activity and glycolate did not accumulate in the presence of glycidate in tobacco leaf discs (20) , an effect that would be expected if glycolate oxidase were inhibited. 1 This investigation was supported in part by National Institutes of Health National Research Service Award 5T32-GM-07223 from the Institute of General Medical Sciences to A. L. L. 2 Reprint requests should be sent to the latter address.
Oliver and Zelitch (11, 12) showed that increasing the pool sizes of glutamate or glyoxylate in tobacco leaf discs by floating them on solutions of the metabolites caused decreases in glycolate synthesis and photorespiration, and stimulated net photosynthetic CO2 fixation. The effect of glyoxylate was reversed when the glyoxylate solution was removed from the leaf discs after a 1-hr treatment (11) . The inhibitory effect of glutamate, on the other hand, was not reversible even 3 hr after the glutamate solution had been removed from the leaf discs (12) .
Thus, a temporary increase in glutamate can produce the effect of decreasing photorespiration irreversibly. The reactions catalyzed by glutamate:glyoxylate aminotransferase and serine:glyoxylate aminotransferase are responsible for the conversion of glyoxylate to glycine in the photorespiratory pathway (13) . Inhibition of glutamate:glyoxylate aminotransferase in metabolically active tissue would therefore be likely to increase the pool sizes of both glutamate and glyoxylate. As Particulate Preparations from Tobacco CalMos. All assays of enzyme activity from callus tissue were carried out on particulate preparations isolated using modifications of the methods of Bird et al. (2) . These preparations contained mixtures of mitochondria, peroxisomes, chloroplasts, and other cellular debris. Two to five g fresh wt of callus tissue were ground with a pestle in a small, ice-cold mortar containing a small quantity of sand and from 20 to 30 ml of cold grinding medium containing 0.4 M sucrose, 33 mm KH2PO4, 20 mm sodium citrate, 5 mm disodium EDTA, and 7 mm 2-mercaptoethanol (prepared daily), at pH 7. The resulting slurry was passed through a Miracloth filter (Chicopee Mills, Milltown, N. J.) on a Buchner funnel and the filtrate was centrifuged for 10 min at 38,000g and 4 C. The resulting pellet was then slowly suspended with the aid of a glass rod in sufficient cold assay medium to make the final concentration about 0.4 g initial fresh wt/ml of medium. The -assay medium contained 0.4 M sucrose, 33 mm KH2PO4, 20 mM sodium citrate, and 4 mM MgCl2 at a final pH of 7.2.
Particulate Prepations from Tobacco Leaves. All assays of enzyme activity from tobacco leaves used preparations isolated by modifications of the methods of Tolbert et al. (15, 16) . From 5 to 12 g of washed tobacco leaves with midribs removed were ground in an ice-cold mortar containing sand and 35 ml of the grinding medium described above. The resulting slurry was pressed through eight layers of cheesecloth. Differential centrifugation of this crude preparation at 120g, 6,000g, and 38,000g
resulted in pellets containing primarily the intact chloroplasts, broken chloroplasts and peroxisomes, and mitochondria, respectively (15) . The 6,000g pellet, containing the majority of the peroxisomes, was suspended in assay medium as above to give a final concentration of approximately 1 g of initial fresh wt/ml. This suspension was used to assay aminotransferase activities. Glycine decarboxylase activity was assayed in a suspension of the 38,000g pellet that contained most of the mitochondria. The final concentration of the suspension was about 1 g initial fresh wt/ml. Experiments in which the peroxisomal location of glutamate:glyoxylate aminotransferase was determined used a modification of the method of Tolbert et al. (15, 16) . The 6,000g peroxisomal pellet was suspended and 2 ml of this suspension was placed on top of a discontinuous sucrose gradient which contained 6 ml of 2.3 M sucrose, 6 ml of 1.8 M sucrose, 6 ml of 1.5 M sucrose, and 10 ml of 1.3 M sucrose. Each layer was buffered with 33 mm KH2PO4 at pH 7.2. The gradient was placed in a Beckman SW 25 swinging bucket rotor and centrifuged for 3 hr at 20,000 rpm (41,000g) in a Beckman model L ultracentrifuge at 4 C. The interfaces between the 1.3 and 1.5 M, 1.5 and 1.8 M, and 1.8 and 2.3 M sucrose layers primarily contained the broken chloroplasts, intact chloroplasts and mitochondria, and peroxisomes, respectively (16) . The layers were separately removed with a pipette and 0.1-ml samples were assayed for glutamate:glyoxylate aminotransferase activity. Protein determinations followed a modification of the Lowry method (9) .
Enzyme Assays. Particulate preparations from an initial fresh wt of 0.4 g of callus or 1 g of leaves were used in each assay of glutamate:glyoxylate aminotransferase (EC 2.6.1.4), serine:glyoxylate aminotransferase (EC 2.6.1.45), and glycine decarboxylase (glycine synthase, EC 2.1.2.10). All reactions were carried out in Warburg flasks with double sidearms and center walls. The substrates were placed in one sidearm, inhibitor in the second sidearm, the particulate preparation and cofactors in the main compartment, and a paper wick moistened with 150 ,umol of ethanolamine in the center well when required for the assay. The flasks were shaken in a water bath at 30 C for 5 min with the system closed. The reactions were initiated by tipping in the substrates, inhibitors were added 5 to 15 min before the substrates, and reactions were terminated by adding 0.15 ml of 0.8 N H2SO4.
The glycine decarboxylase assays normally contained the particulate preparation in 1 ml of assay medium (containing 400 ,umol of sucrose, 33 ,umol of KH2PO4, 20 ,umol of sodium citrate, and 4 ,umol of MgCl2). The reaction mixture also contained 1 ,umol of NAD+, 0.1 ,umol of pyridoxal-5-P, and from 1 to 20 ,mol of [1-'4C] glycine (approximately 1.5 x 106 dpm/assay) in 0.2 ml. The "4CO2 released during the reaction was collected in the center well and the radioactivity determined with a scintillation counter. A correction was made for nonenzymic 14CO2 formation in control assay mixtures containing all reaction components except the particulate preparation. This correction usually accounted for less than 5% of the "4CO2 released enzymatically.
In rapidly photorespiring plants glycine decarboxylation is coupled to serine formation by serine hydroxymethyltransferase (6) . To insure that [14C]serine formation was associated with "4CO2 production from [1-14C] glycine, radioactive serine was isolated at the end of the reaction. The reaction mixture was passed through a column (0.7 x 6 cm) of Dowex 50-H+ cation exchange resin, the weak bases eluted with 10 ml of 2 N NH40H, and the eluate taken to dryness. The glycine and serine were then separated by paper electrophoresis as described earlier for the purification of [1-14C] glycine and the radioactivity in serine was determined.
The glutamate:glyoxylate and serine:glyoxylate aminotransferase assays, in a final volume of 1.2 ml, contained the particulate preparation in 1 ml of assay medium. The reaction also contained from 1.5 to 15.5 ,mol of [1-14C]glyoxylate (usually from 1.5 to 3 x 105 dpm/assay), and 20 ,imol of either L-serine or L-glutamate. The [14C]glycine formed during the reaction was isolated by placing the entire reaction mixture on a column (0.7 x 6 cm) of Dowex 50-H+ cation exchange resin, eluting the acidic and neutral compounds with water, and eluting the radioactive glycine with 10 ml of 2 N NH40H. Aliquots were taken from the eluate and their radioactivity determined in a scintillation counter. To insure further that [14C]glycine was synthesized during the reactions, the glycinecontaining fractions were occasionally concentrated, the glycine separated by paper electrophoresis as described above for [1-4C] glycine, and the radioactivity determined.
NADH-glyoxylate reductase was assayed as described elsewhere (22) using particulate preparations from tobacco leaves obtained by centrifugation at 6,000g.
"4C02 Incorporation by Leaf Discs in the Presence of Glycidate. In order to determine if glyoxylate accumulated in the presence of glycidate, experiments were carried out with "4CO2 supplied to tobacco leaf discs in the light. Photosynthetic 14CO2 fixation in leaf discs was measured by rapidly passing "4CO2 of constant specific radioactivity over six leaf discs floating in 1.2 ml of either water or glycidate solution in large Warburg flasks (12) . The "4CO2 had a high specific radioactivity to facilitate measurement of the relatively small glyoxylate pool. After the leaf discs were floated on water for 1 hr at 28 C in light (270 ,uE .m-2 *sec-1), the water was removed and replaced with an equal volume of either 20 mm potassium glycidate or fresh water. After another hr at 28 C, the "4CO2 (1.08 x 106 dpm/ ,umol) was supplied for 5 min at a concentration of 600 ,IlIl, and the discs were killed by rapidly plunging them in boiling
Metabolites present in the supernatant fluid after centrifuging the homogenates were separated by chromatography on Dowex 1-acetate columns (0.7 x 6 cm). After the basic and neutral compounds were collected by elution with water, the fractions containing aspartic and glutamic acids, glycolic and glyceric acids, and glyoxylic acid were eluted successively with 4 N acetic acid (the aspartic and glutamic acids fraction was eluted with the first 4 ml) (20) . The strong acids were then eluted with 10 ml of 1 N HCl. Aliquots of the fractions were assayed for radioactivity.
The radiochemical purity of the glyoxylic acid fraction (collected between 20 and 50 ml of 4 N acetic acid) was determined.
The fraction was taken to dryness in vacuo at 40 C and the residue dissolved in 1 ml of nonradioactive glyoxylic acid solution, 2 mg/ml. This mixture was then reacted with 3 ml of 0.2% (w/v) 2,4-dinitrophenylhydrazine in 2 N HCl, to form the glyoxylic acid 2,4-dinitrophenylhydrazones. After 1 hr at room Plant Physiol. Vol. 61, 1978 temperature, the resulting phenylhydrazones were extracted with 1 ml of ethyl acetate, and aliquots were spotted on a thin layer plate (Silica G, 250 (Table III) . However, the presence of ADP had no effect on the enzyme assay. This contrasts with the stimulation of glycine decarboxylase by ADP and the lack of NAD+ and pyridoxal phosphate dependence in tobacco leaf preparations described by Bird et al. (2) , even though the reaction mixtures and preparations used here were a modification of their leaf procedure.
The glycine decarboxylase reaction with [1-'4C]glycine pro- did not correlate with enzyme concentration or activity and was probably due to a nonenzymic decarboxylation reaction. The subcellular location of glutamate:glyoxylate aminotransferase was determined by methods described by Tolbert et al. (16) . Table IV shows that most of the enzymic activity of leaf homogenates sedimented at 6,000g which coincides with the "broken chloroplasts and peroxisomes" fraction (16) . When the 6,000g pellet was further fractionated on a discontinuous sucrose gradient as described under "Materials and Methods," the fraction with the highest glutamate:glyoxylate aminotransferase activity, and highest specific activity was obtained in the interface between 2.3 M and 1.8 M sucrose layers, referred to as the "peroxisome" fraction (16) . The total aminotransferase activity recovered in the three sedimented fractions obtained by differential centrifugation was 9% of the original activity present in the crude preparation. About 85% of the activity from the 6,000g pellet was recovered in fractions obtained from the discontinuous sucrose gradient (Table IV) . These recoveries are similar to those described by previous workers (16 (Fig. 1) . The inhibition in callus preparations was dependent on glycidate concentration, and was partially competitive since increasing glyoxylate concentration decreased the extent of inhibition. For example, by raising the glyoxylate concentration from 1.25 mm to 13 mm, under conditions identical to those given above, the inhibition was decreased from 78 + 2% to 46 + 2%. Strong inhibition was observed even at low glycidate concentrations (Fig. 1) glycidate the inhibition only increased to 78 ± 2%. The kinetic data show mixed inhibition since glycidate inhibition was not eliminated even at saturating substrate levels. Added glycidate decreased the maximal velocity of the aminotransferase reaction, and lowered the affinity of glyoxylate for the enzyme.
Particulate preparations from leaves also showed mixed and partially competitive inhibition by glycidate for both glyoxylate and glutamate. With similar concentrations of substrate and inhibitor, glycidate inhibition of glutamate:glyoxylate aminotransferase activity in leaf preparations was similar to that in callus particulate preparations (Fig. 1) . Because of this similarity and the relatively higher activities found in the leaf preparations, leaf particulate preparations were used for most of the studies on the nature of glycidate inhibition. Glutamate:glyoxylate aminotransferase activity located in the peroxisomal fraction of the discontinuous sucrose gradient (Table IV) was inhibited 81 ± 3% (with 3.9 mm glycidate, 1.7 mm glyoxylate, and 17 mM glutamate), a value comparable to the inhibition found in the particulate preparations (Fig. 1) .
Glutamate:glyoxylate aminotransferase activity was not protected from glycidate inhibition by pretreatment of the enzyme with either substrate. Prior substrate addition had no effect on the percentage inhibition by glycidate in an experiment in which either glycidate (3.8 mM), glutamate (17 mM), glyoxylate (13.5 mM), glycidate and glutamate, or glycidate and glyoxylate were added to the leaf particulate preparation for 30 min at 30 C before addition of the remaining assay components.
Under the assay conditions used, glycidate inhibition was reversible. When the particulate preparation was treated with glycidate for increasing periods of time up to 1 hr at 30 C before the substrates were added, no increase in aminotransferase inhibition was observed even at high levels of substrate and low levels of glycidate. The reversibility of the inhibition was also demonstrated by treating the particulate preparation with glycidate at 30 C for 20 min, and then recentrifuging the mixture in order to dilute the inhibitor. When the resulting sediments were resuspended and assayed for aminotransferase activity, no inhibition of enzyme activity was observed. In the same experiment, an undiluted sample of enzyme was inhibited 67% by glycidate.
Inhibition of glutamate:glyoxylate aminotransferase by glycidate was pH-dependent and was increased at lower pH ( V). The pH optimum for glutamate:glyoxylate aminotransferase activity was from pH 7 to pH 7.5, hence most assays were carried out at pH 7.2. Glycidate inhibition was more than twice as great at pH 6.2 as at pH 7.2. A 1-hr treatment with glycidate at the lower pH indicated that this increased inhibition was also reversible.
The possibility still remains that in vivo glycidate may act in an irreversible manner. To explore this possibility, experiments were carried out with leaf discs floated for 2.5 hr in the light on solutions of either 20 mm potassium glycidate or water. Particulate preparations were then obtained and analyzed for changes in glutamate:glyoxylate aminotransferase, serine:glyoxylate aminotransferase, and NADH-glyoxylate reductase activities. Under similar experimental conditions, glycidate effectively decreased glycolate synthesis and photorespiration in leaf discs and had little effect on NADH-glyoxylate reductase activity (22) . However, glycidate decreased the activities of both aminotransferases by approximately 35% under these conditions. The NADH-glyoxylate reductase activity was unaffected. These experiments suggest that in vivo glycidate may bind irreversibly not only to glutamate:glyoxylate aminotransferase but to serine:glyoxylate aminotransferase as well.
Specificity of Glycidate Inhibition of Glutamate:Glyoxylate
Aminotransferase. Under optimal conditions, when glycidate strongly inhibited glutamate:glyoxylate aminotransferase activity by 80%, both serine:glyoxylate aminotransferase and glycine decarboxylase activities were only inhibited 20% or less (Table  VI) . This specificity was observed in particulate preparations from callus and leaves. Other papers (5, 21, 22) have shown that glycidate has no effect on ribulose diP carboxylase/oxygenase, P-glycolate phosphatase, glycolate oxidase, and NADHglyoxylate reductase, with only a slight effect on NADPHglyoxylate reductase. The strong inhibition of only one enzyme (20) . Experiments were therefore carried out in which tobacco leaf discs floating on either 20 mm potassium glycidate or water were exposed to a steady stream of '4CO2 of high specific radioactivity. As shown in Table VII , net CO2 fixation was increased by 30% in the presence of 20 mM glycidate. The radioactivity of the fraction containing neutral and basic compounds decreased in the presence of glycidate. whereas that of acidic fractions increased as was previously observed (20) . Aspartate and glutamate pool sizes increased and the glyoxylate pool, though very small, increased 40% in DISCUSSION Glycidate specifically and effectively inhibits glutamate:glyoxylate aminotransferase activity in tobacco particulate preparations. Under the assay conditions used, the inhibition is reversible as discussed under "Results." Even when assayed at pH 6.2, where glycidate inhibition is over twice that observed at pH 7.2, increasing the period of glycidate pretreatment for up to 1 hr did not increase the inhibition. Despite the apparent reversibility, the inhibition does not follow the kinetics of classical competitive inhibition with either substrate, and neither substrate protects the enzyme against the glycidate inhibition. Glycidate, with its reactive epoxide group, might be expected to react irreversibly with carboxyl (10, 14) , or sulfhydryl (7) groups on proteins, and may react in such a manner over longer periods of time in vivo. When tobacco leaf discs were floated on glycidate for 2.5 hr in the light, both glutamate:glyoxylate and serine:glyoxylate aminotransferase activities were decreased by about 35%, suggesting that irreversible binding may occur in vivo. Binding experiments using radioactive glycidate may provide further insight into the nature of this glycidate binding (22) .
The effect of glycidate on a number of enzymes related to the photorespiratory pathway has been studied. Only glutamate:glyoxylate aminotransferase and NADPH-glyoxylate reductase are inhibited by glycidate, though the effect on the reductase is small. There is almost no effect on ribulose diP carboxylase/oxygenase, P-glycolate phosphatase, glycolate oxidase, NADH-glyoxylate reductase (22) ; or on serine:glyoxylate aminotransferase, and glycine decarboxylase (Table VI) . The inhibition of glutamate:glyoxylate aminotransferase could result in a severe decrease in the rate of carbon flow through the glycolate pathway. This is consistent with the decreases in the pool sizes of glycine and serine observed in the presence of glycidate (20) (Table VII) .
Increases in either glyoxylate or glutamate concentrations in tobacco leaf discs inhibit glycolate synthesis and photorespiration, and increase net photosynthesis (11, 12) . The glutamate pool size increased about 3-fold in the presence of glycidate in leaf discs fixing CO2 photosynthetically (20) . In the present paper, glyoxylate pool sizes have also been observed to increase about 40% in the presence of glycidate (Table VII) . A 40% increase in the glyoxylate pool size effectively inhibited glycolate synthesis when glyoxylate was supplied to tobacco leaf discs (11) . The effect of glycidate in decreasing glycolate synthesis is therefore probably an indirect one, resulting from the inhibition of glutamate:glyoxylate aminotransferase activity which causes the accumulation of both substrates, glutamate and glyoxylate, in leaf tissue. If NADPH-glyoxylate reductase is active in normal cell metabolism, inhibition of its enzymic activity may also result in accumulation of glyoxylate in those tissues (22) .
This indirect mechanism of glycidate inhibition of photorespiration accounts for the results described earlier in this laboratory (20) . The irreversible effect of glycidate inhibition on glycolate synthesis for 2 hr after the glycidate solution is removed from leaf discs (20) is consistent with the essentially irreversible decrease in glycolate synthesis observed when glutamate concentration increases (12) . Thus, even when glycidate solution is removed from the discs and glutamate levels return to normal, the temporary increase in glutamate concentrations would still inhibit glycolate synthesis for several hr. Glyoxylate accumulation caused by glycidate may also contribute to the inhibition of photorespiration by metabolic regulation.
